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Damage (Equation 7) 
Modulus of elasticity 
Forcing function 
curvature 
Number of cycles 
Number of cycles (Equation 7) 
Participation factors 
Radius of curvature 
Stress 
l INTRODUCTION 
One of the tasks of the compressor valve 
designer is to design a valve which will 
operate for many years without a fatigue 
failure. This requires a knowledge of 
the maximum stress levels which occur 
during operation, and a method of relat-
ing this maximum stress to the fatigue 
life. In this paper experimental tech-
niques for determining the maximum stress 
in the valve will be reviewed, followed 
by a discussion of current methods for 
relating the maximum stress level to 
fatigue life. 
2 METHODS OF STRAIN MEASUREMENT 
The use of brittle coatings or photo-
elastic coatings has long been a method 
used by structural designers. Although 
this method has certain limitations when 
applied to compressor valve measurements, 
it has the definite advantage of giving 
a total view of the stress field. The 
main objection to the use of coatings is 
that the stress field cannot be visually 
observed during compressor operation. 
Useful information can be obtained if a 
fixture is built for an out of compressor 
"bench test". This type of fixture will 
simulate the boundary conditions of the 
valve in the compressor and provide a 


























of loading are easily available: (1) a 
static point type load, or (2) a pres-
sure load. If the valve were the reed 
type which is essentially a oneilimensional 
stress field, the point type load could 
be applied in the area where the gas 
impinges on the valve. For two dimension-
al valves a typical loading system could 
be a pressure load as applied by a steady 
flow of air. This method was employed by 
Payne [1] with a photoelastic coating to 
determine the stress distribution of the 
first static mode of a ring type valve. 
The objection to either of these loading 
methods is that the resulting stress 
field is primarily due to the first na-
tural mode of the valve. 
If the actual dynamic strain in the 
compressor consisted of the contribution 
of several modes, as is usually the case, 
then the single mode information would be 
inadequate. For those cases where the 
first mode is known to predominate, the 
total field information as provided by 
the coating method offers the definite 
advantage of displaying the areas of 
stress concentration such as produced by 
corners or fillets. 
The use of the strain gage does not offer 
the full field stress information; how-
ever its advantages far outweigh tnis 
primary defficiency. Among its advantages 
are (l) it may be used either in the com-
pressor during operation or on a bench 
test, (2) it can be used for dynamic as 
well as static loading of the valve. 
The bench testing technique utilized by 
Cohen and Lowery [2) for experimentally 
determining the natural frequencies and 
displacement modes of irregular shaped 
valves remains very popular and is re-
stricted only by the size of the valve and 
the magnitude of the force generated by 
the driver. The most convenient type of 
exciting force has been an electromagnet 
driven by a variable frequency oscillator 
in series with a power amplifier. The 
development of general scaling laws by 
Soedel [3] enables the experimenter to 
conduct the bench test on a scaled proto-
type which can be excited by available 
equipment, and then scale this data to 
the actual valve. This method is parti-
cularly beneficial when working with very 
stiff valves where the higher modes are 
difficult to excite. 
3 STRESS FIELD 
It should be kept in mind that the de-
signer's goal is to correlate the maximum 
valve stress with the valve failure stress. 
Thus the task of the experimentalist is to 
determine the location and orientation at 
which the maximum stress occurs. 
The maximum strain can be located by 
placing a number of gages on the valve if 
the gages are oriented properly so that 
they are reading the maximum strain at 
their respective locations. For example, 
when testing simple cantilever type valves 
it is usually valid to assume the stress 
to be uniaxial. In such cases the princi-
pal stress lies along the length of the 
valve such that a-"'"~"' tr; and a-y:o.O, and the 
strains areE ... te• and 6..,.,.,= -v-e.,_. Thus 
to obtain the principal stress at a given 
point only the strain Ex need be measured 
at that point. 
For two dimensional valves such as the 
ring type, a biaxial state of stress is 
present and the direction of the principal 
stresses is unknown. The direction can 
be established however, if the strains 
ey.,tE.y and Y.•-, are kno~n. This informat~on 
can be obta~ned by us~ng a rosette stra~n 
gage. Although this procedure would de-
fine the magnitude and direction of the 
principal stress at a given point, there 
are practical limitations on the use of 
the rosette gage. Even the smallest 
rosette manufactured would be too large 
for many valves. 
In some two dimensional valve geometries 
the direction of the principal stresses 
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can be assumed by intuition or experience 
and the principal strain can be verified 
by making measurements with unidirectional 
gages in separate runs. 
It is helpful to consider the cor.cept of 
the strain mode which is analagous to the 
more familiar displacement mode. For a 
one dimensional valve, the dynamic dis-
placement can be written in terms of ~ 
summation of the product of the displace-
ment modes cfJ.,<xl and the participation 
factors '1"(-t:) 
(1) 
In most cases the infinite series can be 
truncated at one or two terms for an ade-
quate displacement prediction. 
For a reed valve the strain in the x 
direction can be written as 
d 2 w 
Gy. ( Y-, t) ::: - c dXJ. (2) 
where c is the distance from the neutral 
axis to the plane· where the strain is 
calculated. 
Substituting (1) into (2) 
b ('/.. t.):: -c ~ d,_¢,Cx) q,(t) (3l 
y., 1 ~ dx'" 
The second derivative terms ~ will be 
called the "strain modes and designated 
as cp.,". 
Recall from strength of materials that 
the linearized curvature, K, and radius 
of curvature, R, can be written as 
K =:RI :::-b d xa. ( 4) 
Thus, Equation 2 states that the strain 
in a reed valve is the product of the 
distance c and the curvature, K. The 
normalized displacement and strain modes 
for the first mode of a cantilever beam 
are shown respectively in Figures la and 
lb. 
~ t~~~:r:=:e::::--'---L--L--












Normalized First Strain Mode 
Many engineers prefer to think of the 
strain in relationship to the radius of 
curvature R, rather than the curvature K. 
Note that the maximum value of the strain 
mode occurs at x~o, where the radius of 
curvature R is the smallest. This means 
that if the first mode is predominately 
excited, the maximum strain will occur at 
the root of the valve at x~o. 
For the case of a plate, the displacement 
mode~ is a function of both x andy, 
thus ¢ (X; y) . The displacement is 
written in cartesian coordinates as: 
W (X, jJ f._) ~ ~1 ¢,., (X, 'j) q, { t) 
Because the bending strain has components 
in both the x and y directions, two equa-
tions are required to describe the strain: 




The shear strain is written as: 
'v - -2 ~ rXJ - dxdy 
It will be shown in section 6 that the 
principal strain occurs where the shear 
strain is zero. Thus, for a plate valve, 
the maximum strain depends not only on 
the coordinate location x, y, but also 
the orientation. As in the case of the 
reed valve, the maximum strain in terms 
of the radius of curvature occurs when 
the second derivative is largest, which 
corresponds to the smallest radius of 
curvature. 
In contrast to the valve displacement 
series, the strain series usually requires 
three or more terms to converge to the 
solution. This can readily be observed 
from the frequency content in a typical 
valve strain signal. Usually there will 
be a base frequency and a number of much 
higher frequencies superimposed on this 
base. Physically this means that several 
modes are excited and that if a mathemat-
ical strain solution of the form of equa-
tion 3 were attempted, the series would 
require more than one term. This concept 
150 
has application to the experimentalist 
because each strain mode has its own 
characteristics, which include the strain 
magnitude and the rate of change of the 
strain. This is particularly important 
in the higher frequency modes where the 
strain gradients are high causing the 
strain for a particular mode to change 
from positive to negative over a very 
short length. It is necessary to be aware 
of which strain modes are excited so that 
the gages can be properly located. 
In summary, the problem of locating the 
gages to measure the maximum strain is 
best approached by estimating the-dis-
placement curve of the valve under dyn-
amic loading. The gage should be located 
in the region of smallest radius of cur-
vature. In cases where this displacement 
curve is questionable, several gages must 
be located to give an overview of the 
strain field. If the point of maximum 
strain is known, the gage should be 
placed in the direction of principal 
strain. For uniaxial stress, this re-
quires only one gage. For biaxial stress, 
as in the case of plate and ring valves, 
this will require that either (1) two 
gages are placed in the known direction of 
the principal strains, or (2) a rosette 
gage be placed which will allow the prin-
cipal strains and their directions to be 
calculated. 
4 GAGE LOCATION 
The obvious criterion for choosing the 
gage locations is to choose those points 
where the maximum strain is located. One 
alternative is to place many gages at 
closely spaced points along the valve 
thereby evaluating the entire strain 
field. A considerable reduction in the 
number of gages necessary can be made if 
some knowledge of the dynamic displace-
ment of the valve is available. By 
using this displacement knowledge, the 
probable regions of maximum curvature can 
be determined, and it is in these regions 
of highest curvature (smallest radius of 
curvature) where the maximum strain occurs. 
Valves may be broadly classified as: (1) those which are unconstrained and (2) those which have a stop to restrict 
the deflection. The simplest case is 
the reed valve with no stop. A reed · 
valve of this type is shown in Figure 2. 
It can be seen -that the smallest raaius 
of curvature and consequently the maximum 





This type of displacement would be expect-
ed if the gas port were located in the 
vicinity of the end of the valve as shown 
by the forcing function F(t). From a 
mathematical standpoint, by exciting the 
valve at the free end, the first mode is 
strongly excited. 
When the port is located.in the vicinity 
of x/L=.5. The second mode, shown in 
Figure 3 will probably be excited 
Figure 3 
along with the first mode, which will 
yield a superposition of the two modes as 
shown in Figure 4. 
Figure 4 
In this case the maximum strain might 
occur in the area x/L~.B since there is 
small radius of curvature in that region. 
This example illustrates the necessity of 
considering the location of the port when 
determining what the valve displacement 
configuration will be. Figure 4 clearly 
demonstrates the fallacy of assuming 
that the maximum strain is always at the 
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fixed end. The most general approach is 
to locate multiple gages and analyze the 
data for maximum stress. 
In the case of a reed valve which is re-
strained by a stop at x=L, the maximum 
strain now becomes a function of the time 
t as well as the location x. When the 
valve impacts the stop the total strain 
may be expressed as the sum of the strain 
at contact and the increase in strain 
during contact, commonly referred to as 
"overshoot strain". Thus the total strain 
is written as: 
It has been found that the maximum strain 
generally occurs when the valve is against 
the stop, or when it is leaving the stop. 
A reed valve impacting the stop is shown 




Note that for the location of the port, 
shown by the forcing function F(t), the 
displacement is a combination of the first 
two modes. However, as the valve impacts 
the stop, the boundary conditions change 




Doige [4] treated the problem of changing 
boundary conditions at the stop by assum-
ing the valve to change from a clamped-
fre~ beam to a clamped-pinned beam when 
it contacted the stop. While in contact 
with the stop, the radius of curvature 
of the valve may be smaller in the region 
of the stop than before or at impact, 
which is reflected by a very high strain 
even though the overshoot displacement 
may be only a fraction of the total stop 
height h. 
5 GAGE SELECTION 
Along with the location of the gages, the 
selection of proper gages is of utmost 
importance. The most important points for 
consideration are (1) choosing gages which 
are correctly temperature compensated (2) 
have a sufficiently small gage length, 
and (3) have a good fatigue life. Selec~ 
tion of the proper adhesive and gage coat-
ing is also of prime importance. 
If the valve material is known there 
should be no difficulty in specifying a 
gage which is correctly temperature com-
pensated. For example, valves made of 
carbon steel will take gages with the 06 
temperature compensation specification. 
The participation of modes with high 
strain gradients is the principal factor 
is choosing the proper gage length since 
a strain gage averages the strain over 
its length. If a gage is placed in an 
area of steep gradient, the maximum strain 
may be lost in the averaging process if 
the gage length is too long. Although 
the term "too long" is somewhat vague, it 
is primarily intended to warn users 
against gages of, for example .25 in. 
gage length on a reed valve 2 in. long. 
Early experiments [8] were made with gages 
of 1/8 inch gage length while more recent 
measurements [5] have been made with 
gages of .031" length. While it is gen-
erally true that the shorter length gages 
have shorter fatigue life, fatigue life 
was no problem with the .031" gages. The 
biggest difficulty in using the small 
gages lies in the actual mounting and use 
of lead wires. The process is quite te-
dious and requires some practice before 
one becomes proficient. 
Most strain gage manufacturers handle a 
complete line of adhesives which include 
those which are designed for use at ele-
vated temperatures. Some tests conducted 
at the Ray W. Herrick Laboratories, 
Purdue University were made with gages 
which were bonded with an adhesive which 
required curing at 250°F for one hour 
[4]. This procedure proved very success-
ful. Although some adhesives do not re-
quire curing, it was found that this 
type is not stable at elevated tempera-
tures, particularly in the hostile re-
frigerant environment. 
Coating the gage is as important as 
choosing the correct adhesive. Doige [4) 
found that the varying cylinder temper-
ature did indeed have an effect on the 
strain measurement. When the valve is 
against the seat in the undeflected posi-
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tion the strain reading should be zero. 
For an uncoated gage it was found that 
there was an indicated strain when the 
valve was against the stop, this being a 
temperature effect. Since the gas tem-
perature is highest at the end of the 
compression stroke, the temperature 
effect manifested itself as a tensile 
strain at this point. When the gage was 
properly coated, the apparent strain was 
zero when the valve was seated. The 
experimentalist is warned against the 
danger of applying too much gage coating 
since this might change the dynamic char-
acteristics of the valve by adding addi-
tional mass. 
Ukrainitz [6] and Doige discuss the spe-
cific manufacturers' gage coat in their 
work. Due to recent advances in strain 
gage technology, it is recommended to 
consult a manufacturer's applications 
engineer for the latest in gage coat de-
velopments. 
The designer should realize that the use 
of the strain gage for "in compressor" 
measurements requires a large effort in 
developing the necessary instrumentation 
and associated techniques. The details 
are often tedious and small items such 
as bringing the lead wires from the valve 
out of the compressor without changing 
the dynamic valve characteristics may 
require a considerable effort in time. 
Techniques employed by Gluck [7) and 
Doige pr·ovide useful background in this 
area. 
Early "in compressor" strain measurements 
made at the Ray W. Herrick Laboratories 
[8] required the use of a tape recorder 
to document the valve strain since the 
gages survived only a few minutes of the 
dynamic loading before failing in the 
severe environment. However, the devel-
opment of strain gage manufacturing tech-
niques has extended the in compressor 
gage life to hours provided the gage is 
properly applied and protected. In addi-
tion to the extended life, present gages 
are so lightweight as to not change the 
dynamic properties of the valve, and are 
generally temperature compensating over 
the range of temperatures in the 
compressor. 
6 RELATING STRESS TO STRAIN 
Once the maximum strain has been 
measured, either by a single gage or by 
a rosette, the maximum stress can be 
calculated by applying Hooke's law to 
the strain data. However before using 
the stress-strain relationships it 
should be recognized that the strain 
data as recorded is not the actual strain 
on the valve surface, but is larger 
because of the gage backing and the ad-
hesive. If it is assumed that the neutral 
axis of bending is still at the midpoint 
of the valve thickness, and the strain 
distribution through the valve, cement 
and gage backing is linear as shown in 
Figure 7, a correction factor can be 
applied to the data which converts the 
measured strain to the actual strain on 






The correction factor is determined by 
calculating the experimental distance, c, 
from the neutral axis to the strain gage 
grid. For example: 
c . t 1 h + . 002" exper~men a ~ 2 
where 
h valve thickness obtained by 
.002" 
micrometer measure, (in) 
nominal value for cement and 
gage backing, (in) 
The strain on the valve surface is at a 
distance from the neutral axis 
csurface ~ ~ 
Assuming the linear strain distribution, 
the strain on the surface is then related 
to the measured strain by the ratio: 
or 
Ce ~P"''" im,.~'f•l 
The strain is then converted to 
Hooke's law for biaxial stress. 
E 




where cr; and 1J2 represent the maximum and 
min~mum stresses in a two dimensional 
field provided the strains, 6, and G'a. 
are the principal strains. Again, in 
those cases where the direction of the 
principal strain is not known, a rosette 
gage must be used and the principal 
strains can be calculated from this data. 
For the case of the reed valve which has 
uniaxial stress Cf':a. =" \T'y=O, and equation 6 
results in 
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which when substituted into equation 5 
yields 
cr, .::: E c;, 
Many designers prefer to think of the 
principal stress and strain in terms of 
the Mohr's circle which is a graphical 
representation of these values. Recall 
that the normal stresses a- and strains 6 
are plotted on the horizontal axis and 
the shear stress i and strain Y are plot-
ted on the vertical axis. The principal 
stresses and strains are those points on 
the circle which interest the horizontal 
axis, where the shear stress and strain 
are zero. For the case of the uniaxial 
stress of the reed valve, the Mohr's 
circle for stress is shown in Figure 8. 
Figure 8 
Note that the stress circle has its cen-
ter at CJ;./2 and a;,;..,= <:Ty at zero. The 
strain can be plotted on the same axis 
by changing the scale. Note E.,;, =c.7= -V€~ 
The biaxial stress of a plate valve can 
also be represented on the Mohr's circle, 
but the center of the stress circle does 
not occur at 0"'.-/z. • A typical Mohr's 






The points a and b are located using the 
normal strain information provided by 
the 3 element strain gage rosette. The 
principal strains E 1 and Ez, can then be 
read directly from the horizontal axis 
for use in Equations 5 and 6. Complete 
details for constructing Mohr's circle 
from rosette data can be found in refer-
ence [10]. 
7 TYPICAL STRAIN DATA 
For a typical reed or ring valve having no 
stops, the strain data will generally show 
a large first mode contribution with high-
er mode frequencies superimposed on the 




When a stop is added, the strain at con-
tact with the stop will show a large in-
crease when the valve impacts the stop 
and for the short time when the valve is 
in contact with the stop. In order to 
determine exactly when the valve contacts 
the stop, experimenters [2] [4] have 
utilized a stop contact indicator to show 
exactly when the valve is in contact with 
the stop. This contact indicator is gen-
erally a length of coated copper wire 
which is epoxy mounted in a hole drilled 
into the stop at a location where the 
valve impacts the stop. 
The wire is connected in a simple D.C. 
circuit which will show when the valve is 
in contact with the stop. By displaying 
this signal with the strain signal, it 
will be clear which portion of the strain 
signal is the overshoot strain. 
Figure 11 shows a strain signal for a 
valve with a stop, along with the stop 
contact indicator signal. 
Figure 11 
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Note that the highest strain occurs when 
the valve is in contact with the stop. 
Examination of the strain and contact in-
dicator signals show that a large strain 
signal is also obtained after the contact 
indicator shows the valve to be out of 
contact with the step. This is due to 
the fact that immediately after the valve 
leaves the stop, the configuration of the 
valve displacement contains much of the 
curvature as it did when against the stop. 
Because of the particular pressure forces 
acting on the valve and the velocity dis-
tribution as the valve departs the stop, 
the radius of curvature in the region of 
maximum strain may become even smaller, 
resulting in increased strain. · 
Although this phenomena is highly depend-
ent on the participation of the modes at 
the time of stop impact and the initial 
velocity at departure, it is indeed pos-
sible that the maximum strain occurs 
when the valve is leaving the stop. The 
experimentalist should be aware of the 
possibility of this situation and not 
disregard it as ambiguous data. 
8 VALVE LIFE 
Once the maximum stress levels have been 
established, this information can be 
applied to predict the valve life. There 
are generally two methods by which valve 
designers relate the maximum valve life 
during operation to the valve stress. 
One method ·requires a knowledge of the 
maximum stress level at which a specimen 
can endure millions of cycles without a 
fatigue failure. This stress level is 
known as the endurance limit and is shown 





The S-N curve is a plot of the maximum 
cyclic stress for failure vs. the number 
of cycles required to cause the failure 
at this stress level. The endurance limit 
S is a material properly which is de-p~ndent on material composition, heat 
treatment, surface finish etc. 
The valve designer who uses this method 
to predict fatigue will attempt to design 
the maximum working stress of the valve 
well below the endurance limit which 
allows a factor of safety to account for 
transient and possible overload stresses 
as well as unknown stress concentrations. 
If the resulting stress after estimating 
the desired factor of safety remains below 
the endurance limit, the design is con-
sidered acceptable. 
A second method allows the designer to 
consider the effect of subjecting the 
valve to several operating conditions, 
each of which produce a different stress 
level for a varying number of cycles. 
This procedure involves the concept of 
cumulative damage, which considers the 
problem of stress at various amplitudes 
caused by different operating conditions. 
The term "cumulative damage" refers to 
the concept that during any operating 
period a certain amount of damage is 
suffered by the valve. As the cycling of 
stress continues during operation, this 
damages accumulates until a failure occurs. 
The designer using this approach to pre-
dict failure wishes to determine the 
amount of damage incurred by various oper-
ating conditions at a given number of 
cycles and stress level, and to predict 
the remaining valve life after this 
series of operating conditions. 
Gluck [7] examined several theories which 
consider the effect of variable cyclic 
stress on fatigue life. One of these is 
that of Miner-Langer [9] which is based 
on the assumptions: 
1) the loading is sinusoidal 
2) the inception of a crack constitutes 
a failure 
The theory states that if the specimen 
has operated at n. cycles at stress S., 
at which it could~withstand N. cycles7 
then the total damage is ~ 
D =2: ~ ;., N, 
with failure occuring when the damage 
D~l. Employing a cumulative damage 
theory of this type gives the designer 
the flexability of operating at a stress 
level higher than the endurance limit 
with a knowledge of the finite life of 
the valve. 
9 SUMMARY 
In summary, the valve designer is inter-
ested in determining the maximum stress 
which occurs during the valve motion. 
The proceeding sections have discussed 
methods for determining the maximum 
strain which is then converted to the 
principal stress. If analysis or in-
sight could directly lead to the deter-
mination of the location and direction 
of the maximum strain on the valve, only 
one gage would be required for a valve 
in uniaxial stress, or two gages for a 
biaxial stress field. 
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Having determined the maximum working 
stress, the designer can utilize one of 
the methods for relating the maximum 
valve stress to valve fatigue life. 
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